A new plant lectin from elderberry (Sambucus nigra L.) bark, which was shown by immunochemical techniques to bind specifically to terminal Neu5Ac(a2-6)GaVGalNAc residues of glycoconjugates, was immobilized onto Sepharose 4B (SNA-Sepharose) and its carbohydrate binding properties was determined using a series of standard compounds. Oligosaccharides, glycopeptides, or glycoproteins containing terminal Neu5Ac(a2-G)Gal/GalNAc sequences bound to SNA-Sepharose and were eluted with 50-100 mM lactose, whereas those with Neu5Ac(a2-3)GaVGalNAc failed to bind to this column. Furthermore, the SNA-Sepharose column was capable of resolving two oligosaccharides/glycopeptides based on the number of NeuEiAc(cYB-6)Gal units present in each molecule. Application of this technique to two glycoproteins, fetuin and orosomucoid, revealed the presence of microheterogeneity. It was also shown that esterification of the carboxyl group of Neu5Ac units, or branching at the O-3 of the subterminal GalNAc (probably also Gal) destroyed the binding ability of the molecule. o 1987 Academic press, lnc.
Sialylated glycoproteins, glycolipids, and oligosaccharides are widely distributed throughout the animal kingdom (1) . These sialylated glycoconjugates function as cell surface receptors for bacteria, viruses, and mycoplasma (2-7), as antigenic immunodeterminants (8, 9) , and also have been considered to serve as "anti-recognition markers" for the metabolic clearance system of serum components and of certain blood cells (10) . Sialic acid is usually present as the nonreducing terminal sugar of carbohydrate chains, often linked to D-galactose (Gal)' or N-acetyl-D-galactosamine i This research was supported by National Institute of Health Grant GM 294'70. a Abbreviations used: SNA, Sambucus nigra L agglutinin;
Con A, concanavalin A; Gal, galactose; GalNAc, N-acetylgalactosamine; Neu5Ac, N-acetylneuraminic acid.
(GalNAc) residues through 2,3-or 2,6-linkages. These sialylated glycoconjugates or their partial degradation products, glycopeptides and oligosaccharides, can be analyzed by the use of ion-exchange chromatography, a technique which resolves based on the density of sialic acid residues in the molecule (11, 12) . However, using this approach it is very difficult to separate molecules which carry a similar number of sialic acid groups differing only in their linkage (i.e., 2,3-or 2,6-).
We recently discovered that a new plant lectin from elderberry (Sambucus nip-a L) bark (SNA) (13) specifically binds the Neu5Ac(a2-G)Gal/GalNAc sequence (14) . The affinity of SNA for oligosaccharides containing this Neu5Ac(cr2-6)Gal sequence is 20-150 times greater than those with the Neu5Ac(a2-3)Gal sequence, and 1600-10,000 times greater than for Gal. Based Labeling of oligosaccharides and glycopeptides. A small quantity of oligosaccharide (50-100 nmol) was reduced, at room temperature, with excess sodium borotritide (lo-50 times excess on molar bases) for several hours or overnight. After the decomposition of excess reagent with acetic acid, the reaction product was purified by gel filtration on Biogel P-2. Glycopeptides were labeled by incubating with rC]acetic anhydride for l-2 h in 0.5% NaHC08. Labeled glycopeptides were also purified using the Biogel P-2 column.
EsterQkation and sapon$catim of [*HjNeu5Ac(aZ-6)kctitoL 'H-labeled Neu5Ac(cY2-6)lactitol was esterified using dimethylsulfoxide and methyl iodide according to the method of Handa et al (16) . The product was purified by gel filtration on Biogel P-2. Radioactive and Neu5Ac-positive fractions were collected and passed through a column of Dowex I-X8 (acetate form) to remove any unesterified material.
The ester was saponified by treatment with 0.1 N NaOH for 1 h at room temperature, and then passed successively through columns of Dowex 5OW-X8 (H+ form) and Dowex I-X8 (acetate form). Free acid was obtained by eluting the latter column with 4 N acetic acid.
Afinity chromatography.
Oligosaccharides, glycopeptides (l-10 nmol, in 30-100 ~1 of distilled water or PBS), or glycoproteins (2 mg in 1 ml PBS) were applied to the SNA-Sepharose column (1.5 X 14 or 1 X 52 cm) followed by stepwise elution with PBS, PBS containing 50 or 100 mM lactose, and 20 XnM ethylenediamine. Gradient elution with O-100 mM lactose also was used in some experiments. The flow rate was lo-15 ml/h. The longer column was used for the experiment shown in Fig. 4 ; the shorter column was used for all other experiments. Elution was monitored either by measuring radioactivity or by absorption at 230 nm. All experiments were performed at 4°C.
RESULTS
Interaction of sialylated milk oligosaccharides with SNA-Sepharose. Various sialylated oligosaccharides obtained from human and bovine milk were labeled by reduction with sodium borotritide and the resulting [3H]oligosaccharide alditols were applied to the SNA-Sepharose column. The simplest oligosaccharide alcohol containing the Neu5Ac(cY2-6)Gal sequenceNeu5Ac(a2-G)lactitol-bound tightly to the SNA-Sepharose and was eluted with 50 mM lactose (Fig. 1A) . On the other hand, Neu5Ac((u2-3)lactitol passed through the same column with the void volume (Fig.  1B) . Analysis of commercial "Neu5Ac(a2-G)lactose," after reduction with sodium borotritide, revealed the presence of both 2,3-and 2,6-isomers. The results of the analysis of other milk oligosaccharides, LSTa, LSTb, LSTc, and DSL ( Fig. 2 ; structures are listed in Table I ), showed that only LSTc, which carries one NeuEiAc(aB-6)Gal unit, bound to the SNA-Sepharose. Oligosaccharides which possess the Neu5Ac(a2-3)Gal or Gal@l-3)meu5Ac(a2-6)]-GlcNAc sequences did not bind to this column.
Interaction of glywpeptides and oligosaccharides obtained from glycoproteins with SNA-Sepharose. A series of sialylated glycopeptides and oligosaccharides, which were labeled by acetylation of amino groups with [14C]acetic anhydride or by conversion to the corresponding alditol by reduction with sodium borotritide, also were applied to the SNA-Sepharose column. All compounds which contained at least one NeuEiAc(aZ-6)Gal unit in the molecule bound firmly to the SNA-Sepharose (Fig. 3) . Although the biantennary glycopeptides from human fibrinogen and porcine thyroglobulin, both of which carry a single Neu5Ac(a2-6)Gal unit, were eluted completely from the column with 50 mM lactose solution (Figs. 3A and B) , the biantennary glycopeptide from human transferrin and the bovine fetuin triantennary oligosaccharide, both of which contain two units of this sequence, bound more strongly to the column and showed a retarded peak and also an additional peak which was eluted with 20 MM ethylenediamine (Figs.  3C and D) . These results suggested the possible use of the SNA-Sepharose column for the separation of glycopeptides/oligoNeu5Ac(a2-6)Gal units. Figure 4 shows the elution profile of a mixture of 3H-labeled porcine thyroglobulin biantennary oligosaccharide (containing one Neu5Ac(a2-6)Gal) and 14C-labeled human transferrin biantennary glycopeptide (containing two Neu5Ac(cY2-6)Gal). The main fractions of the mixture of these compounds clearly were separated from each other by the use of a linear lactose gradient, although a shoulder on the peaks was observed for both of them. It is not clear whether these shoulder peaks suggest some heterogeneity of the samples used for this experiment or whether they originated from a "spillover" effect in 3H and 14C counting. A similar experiment consisting of a mixture of 14C-labeled human fibrinogen biantennary glycopeptide (one Neu5Ac(cu2-6)Gal) and 3H-labeled bovine fetuin triantennary oli- Table I for the structures.) Table I for the structures.) EDA = 20 mM ethylene diamine.
Sample
gosaccharide (approximately 40% of it contains two Neu5Ac(a2-6)Gal) showed a marked retardation of only the fetuin triantennary peak (Fig. 5) . We speculate that the first peak of the fetuin oligosaccharide represents the molecular species with one Neu5Ac(cu2-6)Gal unit 'and the major portion of the retarded fraction contains two units of this sequence; further structural studies are necessary to support this speculation.
Interaction of gl~coproteins with defined Neu5AoGal/GaJNAc sequences with SNASepharose. Ovine submaxillary mucin and antifreeze glycoprotein derivatives which contain defined carbohydrate chains synthesized in vitro using purified sialyl transferases (17, 18) were analyzed using the same column (Fig. 6) . The ovine submaxillary mucin derivative which contains the Neu5Ac(a2-G)GalNAc-Thr/Ser sequence bound tightly to the SNA-Sepharose, whereas the antifreeze glycoprotein carrying Neu5Ac(a2-3)Gal(fl1-3)GalNAcThr/Ser did not bind (data not shown). Interestingly, the antifreeze glycoprotein which bears the Neu5Ac(a2-6)GalNAc sequence with side chains attached to the O-3 of the subterminal GalNAc did not bind to the column (Figs. 6B and C) .
Contribution of the free carboxy group of Neu5Ac to the interaction with SNA-Sepharose. We have already shown that the O-3 and O-4 hydroxyl groups of Gal residues and the C-8 and/or C-9 hydroxyl groups of the glyceryl side chain of Neu5Ac are important for interaction of the NeuFiAc(aZ-6)Gal unit with SNA (14) . To determine the contribution of free carboxyl groups on the Neu5Ac residue, the methyl ester of [3H]Neu5Ac(a2-6)lactitol was synthesized and applied to the SNA-Sepharose column. Neu5Ac(cY2-G)lactitol, which can bind to this column (Fig. l) , lost its ability to interact with the column after esterification of the carboxyl group of Neu5Ac (Fig. '7A) . The ability of the esterified Neu5Ac to bind to the SNA-Sepharose was recovered by saponification of the ester (Fig. 7B) , showing the importance of a free carboxyl group on Neu5Ac for binding to SNA.
Application of SNA-Sepharose column to the analysis of glycoproteins. Two glycoproteins, bovine fetuin and orosomucoid, were applied separately to the immobilized SNA to determine the possible use of this technique for the analysis of microheterogeneity in the carbohydrate moiety of glycoproteins. As shown in Figs. 8A and B, portions of both fetuin and orosomucoid bound strongly to the SNA-Sepharose and these glycoproteins were separated into two fractions which were eluted with lactose and ethylenediamine, respectively, ET AL. suggesting the presence of some types of coprotein molecules. Asialo derivatives of microheterogeneity, most possibly due to both glycoproteins passed through the colthe different density and distribution of umn (only the elution profile of asialo feNeu5Ac(a2-6)Gal sequences in these gly-tuin is shown). All the glycoproteins were first desialylated and then resialylated using specific sialyl transferases (1'7,lS) and ["'C]Neu5Ac.
DISCUSSION
The results described herein demonstrate that immobilized SNA can bind oli- gosaccharides, glycopeptides, and glycoproteins which possess Neu5Ac(a2-G)Gal/ GalNAc sequences, whereas those with Neu5Ac(a2-3)GaVGalNAc sequences are not bound. This important discovery has permitted us to separate clearly, molecular species which differ only in the type of linkages between terminal Neu5Ac and GaVGalNAc residues. The presence of one Neu5Ac(a2-6)Gal unit was sufficient to permit the binding of oligosaccharides or glycopeptides to this column. It is noteworthy that even [3HJNeu5Ac(a2-6)lactitol, with an association constant (K,) for SNA = 3.9 X lo5 M-', could bind to the SNASepharose, even though Baenziger and Fiete reported that glycopeptides with K, less than 4 X lo6 M-' could not bind to Con A-Sepharose (19) . The immobilized SNASepharose column is useful not only to separate the 2,6-linked isomers from 2,3-linked ones, but also is applicable for the fractionation of oligosaccharides, glycopeptides, and possibly glycoproteins based on their number of Neu5Ac(crZ-6)Gal units (Figs. 4, 5, and 8) .
The binding capacity of SNA-Sepharose estimated by an overloading experiment was approximately 2-3 nmol/ml; in other words, 8-13s of the total carbohydrate binding sites of the immobilized SNA were active. Branching of side chains from O-3 of the subterminal GalNAc residue destroyed the capacity of glycoproteins to bind to the SNA-Sepharose (Fig. 6 ). This may be explained from the previous finding that the free hydroxyl group at O-3 and O-4 of Gal (possibly also GalNAc) are critical for the binding of SNA, though some steric effect also may contribute to this interference. The finding that the esterification of carboxy1 group of Neu5Ac residue also abolished the binding ability of [3Hpeu5Ac(a2-6)lactitol gave us further insight regarding the interaction of SNA with sialylated oligosaccharides. In addition to the O-3 and O-4 hydroxyl groups of Gal and the C-8, the C-9 portion of glyceryl side chain of Neu5Ac, free carboxyl groups of Neu5Ac also may be involved in the interaction.
From its unique ability to separate oligosaccharides, glycopeptides, or glycoproteins based on the type of linkage between Neu5Ac and Gal/GalNAc, SNA should be a very useful tool for the detection, isolation, and characterization of these compounds.
